INTRODUCTION
S devices become smaller, faster and more powerful, A the demands on both materials and processes used by the manufacturers of microelectronic devices become more critical. Dielectrics play a significant role in achievw x ing the current state-of-the art in microelectronics 1-3 . They are typically applied in semiconductor micro-fabrication for a number of applications such as stress buffers to accommodate built-in strains as well as strain induced w x by forced bending 4, 5 , surface planarization and passiw x w x w x vation 6 , dielectric isolation layers 7,8 , die bonding 9 , w x and buried channel waveguides 10 .
Spin-on dielectrics are used in fabricating many high speed electronic devices for reduction of parasitic circuit elements that may limit device speed. In heterojunction Ž . bipolar transistors HBTs , parasitics were reduced by colw x lector implantation 11 or by double polymer planarizaw x tion 12 . A multilayer polymer structure was used to reduce parasitic capacitance of permeable base transistors Ž . w x PBTs, i.e. vertical MESFETs 13 . In vertical-cavity sur-Ž . face emitting lasers VCSELs , polymer was used for planarization, passivation and metal pad parasitic capaciw x Ž . tance reduction 14 . Spin-on glass SOG has been ac- When a dielectric material is subjected to an electric field, the bound positive and negative charge constituents are displaced from their average equilibrium positions by the Lorentz electric field forces. The charge adjustment results in several polarization mechanisms including dipolar polarization, ionic polarization, and electronic polarw x ization 18 . Dipolar or orientational polarization occurs when permanent dipoles in asymmetric molecules respond to the applied electric field. Ionic polarization arises when adjacent positive and negative ions are displaced in the presence of an applied electric field. Electronic polarization occurs in neutral atoms when an electric field displaces the negative electron cloud with respect to the positive nucleus. Each polarization mechanism has an associated response time and therefore will not contribute to the dielectric constant beyond some corresponding frew x quency 19 . The maximum effective response frequency of dipolar, ionic, and electronic mechanisms are on the 10 12 15 w x order of 10 Hz, 10 Hz and 10 Hz, respectively 19 .
In this work, dielectric properties of four different spin-Ž . on dielectrics Table 1 which are typical options for planarization in the applications mentioned above are inves-1070-9878r r r r r05r r r r r$20.00 ᮊ 2005 IEEE tigated using the capacitance of high speed VCSEL metal pads as a test geometry for the samples. The development of an accurate equivalent circuit for VCSELs as well as other devices motivates the measurement of complex dielectric permittivities and tangential losses for polyimide, bisbenzocyclobutene, and spin-on-glass dielectrics up to 40GHz. The resulting circuit models are useful for the analysis of bandwidth limitations of laser diodes and other high speed electronic devices as well as matching driver circuits to device impedances.
FABRICATION
In high speed VCSEL fabrication, dielectrics are used to planarize etched mesas before depositing metal interw x connects and bonding pads 14 . A smooth surface is needed for metal interconnect and metal bonding pad lithography and deposition. Polymer coatings also protect the sidewalls of the mesa from the external environment, and it creates an isolation layer between n and p contacts. Although the thermal conductivity of most polymers is poor, it is better than the thermal conductivity of gases in hermetic packages or air. The dielectric properties of the materials used in this work were investigated by fabricating capacitors from the different dielectric materials with various thicknesses and measuring their microwave Ž . scattering parameters S-parameters .
FABRICATION OVERVIEW
Capacitors corresponding to the probe pads of VCSELs were fabricated above conducting ground planes on undoped GaAs substrates as illustrated in Figure 1 which shows a cross-section along AA' of Figure 2 . The geometry shown in Figure 2 is nominally that of parallel plates with constant dielectric thickness. While some fringing fields exist, the 80 m width of the central metal pad is much larger than the 0.7 to 7.0 m dielectric thickness listed in Table 2 , and there is a relative large minimum separation of 10 m between the central signal and the outside ground pads. Thus the fringing field effects have been neglected in this study. While a simpler or a larger pad geometry might reduce fringing fields, the triple pad configuration was required for compatibility with coplanar microwave probes, and the annular aperture region was present in the features of the VCSEL photo mask. To form the ground plane, which serves as the lower plate of the capacitor, layers of Ti-Au-Ti with thicknesses of Ž . 100r170r100 nm were evaporated in sequence on top of the substrate. In addition to serving as the capacitor's bottom plate, these ground plane layers shield the capacitors from the properties of the substrate. The lower layer of Ti was applied to improve the adhesion of the Au layer to the substrate while the upper Ti layer improves the adhesion of the spin-on dielectric to the lower metal. Au and Ti layers were chosen to be thick enough to withstand the dielectric surface tension and contraction during the curing process. Next, each one of the four different types of dielectrics listed in Table 1 were spun on the ground plane and appropriately patterned and cured. Details of the dielectric fabrication processes will be discussed individually in Section 2.2. Table 1 also shows the general family of the dielectric materials along with their tones, manufacturers, and specific part numbers.
The capacitor's top plate was fabricated with a metal pad mask suitable for on-wafer microwave testing. The co-planar pad configuration was originally designed for use in fabricating VCSELs including an annular contact region as seen in Figure 2 . In the present work, the entire pad and annular contact region are insulated from the ground plane by a constant thickness dielectric layer. The pad design greatly reduces inaccuracies in microwave probing associated with parasitic coupling and unwanted w x mode excitation at the probing tips 20 . A ground-signal-Ž . ground GSG contact configuration was chosen as it terminates field lines at the interface effectively and excites the unwanted microstrip modes less than other contact w x configurations 20, 21 .
The metal probe pads and thus capacitor top plates were patterned using the same lift-off process on ten dielectric Ž samples of varying thicknesses of the four materials Ta-. ble 2 . The photolithography step used AZ4400 photoresist that was soaked in chlorobenzene for five minutes prior to developing to obtain a suitable profile for the liftw x off process 22 . Next, the samples were developed using Ž . AZ400K developer diluted with DI water 1:4 . To reduce the resistance between the ground pads of the top plate and the lower Ti-Au-Ti ground plane, the titanium oxide layer TiO that formed on the exposed ground plane dur-2 ing the curing process was wet etched in hydrofluoric acid Ž .
Ž . HF diluted with DI water 5% : 95% for ; 5 s which is long enough to remove the TiO layer and short enough 2 to maintain the dielectric's surface smoothness. Then, Ti-Ž . Au was evaporated with thicknesses of 30r300 nm rew x spectively 22 . Figure 2 shows an SEM photo of a completed capacitor structure using the high-speed VCSEL metal interconnect pad design.
DIELECTRICS FABRICATION ( 2.2.1 POLYIMIDES HD-8000 AND ) PI2723
Polyimides have been identified as having excellent potential for use in high speed electronic devices, aerospace composites, and air craft wire and cable coating among other applications due to their high inherent thermal stability, and excellent electrical and mechanical properties w x 23 . One potential disadvantage of polyimides is their w x moisture absorption 24 . Polyimides are cyclic-chain polymers which are mainly synthesized by a two-step technique. First, polyamic acid is formed by a condensation reaction of a tetracarboxylic acid dianhyride with a dys-Ž . functional base diamine . Polyamic acid is readily soluble in polar organic solvents. In the second step of the synthesis polyamic acid is cyclodehydrated to the corresponding polyimide by extended heating at an elevated temperature w x w x 25 , by treating with chemical dehydrating agents 26 , or w x by microwave energy 27 . A typical molecular structure for a photosensitive polyimide after curing is shown in w x Figure 3a 28 .
The dielectric for the first set of capacitors was HD-8000, a photosensitive, positive tone polyimide that can be imaged and processed as a positive tone photoresist. HD-8000 capacitors were fabricated as follows. First the standard photolithography process was carried out according to the manufacturer's data sheet. To obtain different dielectric thicknesses, different spinning speeds were used for this type of polyimide as well as all other types of dielectrics used in this study. After exposure, the sample was baked for 100s at 115ЊC. Then, it was left to cool down to ambient temperature for about 30 minutes prior to proceeding with the developing step. Developing polyimide while it is hot leads to severe cracks in the cured polyimide as shown in the inset of Figure 2 . Dipping a hot sample in the developer will drop the cured polyimide surface temperature to 20ЊC while the temperature of the polyimide underneath the surface is about 120ЊC. As a result the surface of the polyimide contracts more than the polyimide underneath, with the resulting stress cracking the polyimide. The polyimide was developed in the commonly used AZ400K aqueous developer diluted with Ž . Ž . deionized DI water 1:4 . After developing, the sample was rinsed by squirting it with DI water while it was spun Ž . at 1000 revolution per minute rpm for 10 s. Immediately after the rinse, it was spin-dried at 3500 rpm for 10 s. To cure the polyimide the sample was loaded into a curing furnace at 20ЊC in a nitrogen atmosphere, and the temperature was ramped from 20 to 350ЊC over a 60 minute period. The temperature was held at 350ЊC for 30 minutes. Finally, the sample was allowed to cool down. The spinning speeds, developing times, and measured HD-8000 polyimide thicknesses after curing are listed in Table 2 .
Pyralin
ᮋ PI-2723 polyimide is a photosensitive negative tone organic polymer which was used to fabricate the second set of capacitors. After the photolithographic exposure, the polyimide was developed using DE-6018 solvent, then further developed in DE-6018 diluted with RI-9045 Ž . solvent 1:1 , and finally rinsed using RI-9045. To cure the polyimide, the sample was loaded into furnace at 20ЊC, and the temperature was ramped from 20 to 150ЊC at about 6.5ЊCrminute. Then the temperature was ramped from 150 to 300ЊC over a 60 minute period. The temperature was held at 300ЊC for 30 minutes. Table 2 lists the cured thicknesses of the PI-2723 polyimide as well as other process parameters.
BISBENZOCYCLOBUTENE ( ) BCB-4024
Ž . Bisbenzocyclobutene BCB has been traditionally used Ž . as a polymer dielectric for many multichip module MCM w x TM applications 29 . The thermal curing of Cyclotene polymers is a two-step process. First the benzocyclobutene ring opens thermally to produce an o-quinodimethane intermediate. Next, the o-quinodimethane undergoes a Diels-Alder reaction with residual alkene groups in the prepolymer, forming a tri-substituted tetrahydronaphthaw x lene 30 . One difference with respect to polyimide is that BCB does not evolve water during crosslinking. After curing, the crosslinked BCB polymer has low moisture uptake. The main disadvantage of BCB is the thermal stabilw x ity of the cured film 31 . Figure 3b shows standard cured w x photosensitive BCB polymer structure 32, 33 .
BCB-4024 is a photosensitive, negative-tone polymer that was used for the third set of capacitors. Following the photolithographic exposure process, the polymer was developed using the DS-2100 solvent. To cure the polymer the sample was loaded into a furnace and the temperature was ramped from 20 to 150ЊC at 4.5ЊCrminute. The temperature was held at 150ЊC for 15 minutes. Then, the temperature was ramped from 150 to 250ЊC over a 10 minute period. The temperature was held at 250ЊC for 40 minutes. The measured BCB-4024 polymer thicknesses after curing are shown in Table 2 along with the corresponding developing times and spinning speeds.
( ) 2.2.3 SPIN-ON GLASS IC1-200
Intermediate coating IC1-200 is a high transparency polysiloxane-based spin-on dielectric material, which contains methyl and unspecified alkoxy groups bounded to silicon atoms with carbon contents in the range of 20-30% w x 34 . IC1-200 is used primarily in the planarization of topography on integrated circuits in multilevel metal techniques. SOG is applied as a dielectric in a permanent or a partial etchback mode. It can be utilized as an intermediate layer in the trilayer resist technique and as a protecw x tive layer for plastics and metals 34 .
IC1-200 was spun at 3000 rpm for 30 s. Then it was baked on a hot plate at 100ЊC for one minute and at 200ЊC for another one minute. Next, a second layer of SOG was spun and baked at same temperatures used for the first layer. After that, positive tone photoresist was patterned and developed to serve as a mask covering a part of the SOG area. The exposed SOG was etched using an reac-Ž . tive ion etching RIE system for ten minutes with chlo-Ž . rine and oxygen 2:1 at approximately 100mW power and Ž . 20 Pa 150 mTorr pressure. Then the photoresist was striped and the SOG was cured at 400ЊC for 30 minutes in a nitrogen gas flow that prevents the SOG from oxidation, which can cause flakes to form. After curing the SOG has an approximate thickness of ; 0.65 m. Only this single thickness was used to fabricate SOG capacitors. The vendor recommended a maximum film thickness of ; 0.5 m as thicker films can have excessive tensile stress that leads to the film cracking. Table 2 summarizes the cured dielectric thicknesses and their corresponding developing times and spinning speeds.
MEASUREMENTS
The fundamental properties of dielectric materials can be measured either in the frequency domain or in the time domain using suitable transformation techniques to obtain the frequency dependence of the materials properties. One motivation for the development of time domain techniques was the necessity of different frequency domain methods and instruments to cover a frequency range of 1 w x Hz up to 10 GHz 35 . Frequency domain measurements were used in this study since time-domain techniques assume the system is linear and any unexpected non-linearity introduces complications in the transformation techw x nique to be adapted 35, 36 . Furthermore it is now possible to use a single instrument to cover a wide range of frequencies.
A variety of techniques can be used to measure the properties of dielectric materials in the frequency domain. The auto balancing bridge technique is accurate in the frequency range from a few Hz to 110MHz. The current-Ž . voltage IV and RF-IV techniques are also accurate and can be applied from 40 H z to 3 G H z. The TransmissionrReflection technique can be utilized for a w x frequency range from a few Hz to 110GHz 37 .
Based on the frequency range of the available equipment, the transmissionrreflection technique was applied. The S parameter measurement apparatus consisted of 11 
Ž
. an Agilent 8722ET vector network analyzer VNA with 40 GHz bandwidth, a computer with GPIB card to load the calibration kit into the VNA, a high precision Cascade Ž . Microtech impedance standard substrate ISS-101-190 , a probe station with a room temperature stage, a fiber optic illuminator to reduce sample temperature variations, a CCD camera, and Cascade Microtech air co-planar probes Ž . ACP40 with a GSG configuration, 125 m pitch, and Be-Cu tips which provide repeatable contact on gold pads. The use of ACP with GSG configuration helps deliver the RF signals with minimal attenuation and good impedance w x control, which results in accurate measurements 38 .
The S parameter measurements proceeded as follows; 11 isopropyl alcohol diluted with DI water and lint-free wipes were used to clean the mating surfaces so that the measurements are not affected by dirt and impurities. RF cable reflection stability and connector repeatability were verified. The largest drift in the reflection coefficient for the cable terminated with an open circuit was y57 dB which corresponds to a 0.0014 change in voltage ampli- tude. The VNA was calibrated at a power level of y10 Ž . dBm 0.1 mW in order to maximize signal to noise ratio while not being so large as to require attenuation of the reflected signal. A low IF bandwidth of 100Hz was used to reduce noise. The measurement repeatability was improved by operating the VNA in stepped frequency mode, rather than with continuous sweep and by applying the VNA built in averaging and smoothing functions. One-port Ž . calibration using a standard short-open-load SOL was carried out. Next the capacitor's microwave reflection coefficients were measured over a frequency range of 50 MHz to 40 GHz. Figures 4 and 5 show the real and imaginary parts of the measured reflection coefficients respectively for the dielectrics listed in Table 1 . The raw data exhibited some ripples with magnitudes on the order of 10 y3 that were filtered out using the VNA built-in smoothing and averaging functions. To maintain clarity, only the data for selected dielectric thicknesses are shown.
COMPLEX PERMITTIVITY AND TANGENTIAL LOSS EXTRACTION
The complex permittivity and tangential loss are regarded as the most important parameters for describing w x dielectric properties 39 . The relative permittivity can be expressed in the complex form w x cussed in the introduction are selectively excited 18, 19 . As the frequency of the applied field is increased, a point Ž is reached where the permanent electric dipoles polar . molecules of the material can no longer rotate fast enough to remain in phase with the field. Therefore, contributions of the dipolar polarization mechanism to the net polarization declines, which subsequently causes a reduction in X , Y , and tan ¬ ␦ ¬. Therefore the capacitor plates dc resistance, ac resistance, and skin effect were neglected in the present model and subsequent analysis.
The circuit model impedance can be calculated as is nearly proportional to the frequency dependence of X .
Ž . Solving equation 4 for
by again neglecting
The functional dependence of X and R on freloss quency were found to be well approximated by a Gaussian function with fitting parameters adjusted to minimize the square error to less than 10 ᎐ 4 . Figures 9 and 10 illustrate the extracted and fitted data for C and R respecp loss tively, for the four dielectric materials investigated. The Gaussian functions and coefficients that result in the best fit are listed in Table 3 . The values of the real dielectric Ž . Ž permittivity at dc f s 0 and very high frequencies f ™ . ϱ were found to be in reasonable agreement with the predicted ones from the Cole-Cole model as discussed in the next section. Furthermore, values of the real dielectric permittivity at f s 0 were found to be in reasonable agreement with the low-frequency dielectric permittivity values provided by the material vendors and reported by w x others 34, 50 which are also listed in Table 3 . As seen in Figure 10 Table 4 .
To further investigate the properties of the dielectrics under test, capacitors were fabricated using three different thicknesses of each of the three organic polymers. S 11 parameters were measured and fitted to the circuit model as discussed earlier for each thickness. X Ž . Ž . Table 3 . f and R f Gaussian functions with their best fitting parameters , , f , R and f . Ž . thickness as expected from equation 6 . Because R is loss roughly proportional to the dielectric thickness, d, while the capacitance is inversely proportional to d, the RC time constant of these capacitors is relatively independent of dielectric thickness. In the case of a 50 ⍀ load shunted by a lossy capacitor driven by a 50 ⍀ source as shown in the inset of Figure 12 the 3 dB bandwidth due to the capacitance is neither constant nor proportional to d. The actual 3 dB bandwidth in this case is smaller than what would be expected if the capacitors were lossless for large dielectric thicknesses as illustrated in Figure 12 for HD-8000. The other dielectrics have the same trend. fit the measured data. In that work, the bottom plate of the parasitic pad capacitor consisted of p-type semiconductor mirror stack, and the observed series resistance was attributed to the moderate resistivity of the semiconductor material. The present work indicates that the physical origin of most of this equivalent resistance is in fact dielectric loss. Based on the plots presented in Figure 13 it is concluded that there are considerable inter-molecular interw x actions in organic polymers and SOG 53, 54 . Furtherw x more, the results presented here support the claim in 53 which states that the simple Debye model cannot adequately describe the relaxation process in these materials. However, the Cole-Cole model well describes the experimental data.
DEBYE AND COLE-COLE MODELS
Most materials require a finite time for polarization to occur. This time dependence results in a relaxation time that is defined as the time interval characterizing the restoration of distributed molecules to their equilibrium state under the effect of an electric field. For dielectrics Ž which cannot be described by the Debye model one re-. laxation time , several analytical relations that give a relatively good agreement with the experimental data reported here have been proposed to describe the relax-Ž . w x ation time distribution function G 35, 36, 54, 55 .
CONCLUSIONS
In this paper, on-wafer, parallel-plate capacitors were fabricated from four different spin-on dielectrics. Multiple dielectric thicknesses were used for the three organic dielectrics. Microwave reflection coefficients, S , were 11 measured up to 40 GHZ Dielectric permittivities and losses as a function of frequency were extracted from measured microwave reflection coefficients, S , of the ca- 11 pacitors. The dielectric permittivity is well approximated by a gaussian function, while the dielectric loss and tangential loss peak in the 25 to 34 GHz range. A simple circuit model for the fabricated capacitor was obtained with a minimum square error of less than 10 -4 between measured and modeled reflection coefficients. The behavior of the capacitors over frequency is well approximated by a lossless capacitor with a frequency dependent dielectric permittivity and a constant series resistance. Measurements of different organic polymer dielectric thicknesses confirm that the equivalent series resistance is proportional to the dielectric thickness. The Cole-Cole model, which accounts for molecular shapes and interactions in organic polymers and SOG, provides a good fit to the Y vs.
X relationship of the measured data.
For applications to high speed devices, thicker dielectrics result in lower pad capacitance but also higher losses. Accordingly, devices with capacitive pads in 50 ⍀ environments have 3 dB bandwidths that increase with increasing dielectric thickness, but not as rapidly as simple lossless models would predict. Obtaining models that describe the complex dielectric behavior for high speed devices will improve device simulation and provide more accurate performance predictions. With respect to developing an equivalent circuit model for high speed VCSELs, it is concluded that the doped semiconductor material under the VCSEL pad does not contribute significant loss, but the dielectric provides the majority of the loss in the pad capacitor.
